We propose a way of measuring the photon helicity in radiative B decays into excited kaons, which can test the Standard Model and probe new physics. In B +,0 → K * 2 (1430)γ and B +,0 → K 1 (1400)γ, where excited kaons are observed in Kππ channels, the photon helicity is shown to be measured by the up-down asymmetry of the photon direction relative to the K resonance decay plane in the resonance rest frame. Assuming B(B → K 1 (1400)γ) = 0.7×10 −5 , this measurement is estimated to require a total of 8×10 7 charged and neutral BB pairs, and is feasible at currently operating B factories.
The Standard Model (SM) predicts that photons emitted in rare b → sγ decays are left-handed [1] , up to small corrections of order m s /m b . This feature is common to inclusive and exclusive radiative decays, also when including long-distance effects in the latter case [2] . While measurements of the inclusive rate agree quite well with SM calculations, no evidence exists for the helicity of the photons in these decays. In several models beyond the SM the photon in b → sγ acquires an appreciable righthanded component due to the exchange of a heavy fermion in the electroweak loop process. For instance, in SU(2) L ×SU(2) R ×U(1) left-right symmetric models [3] this component may be comparable in magnitude to the left-handed component, without affecting the SM prediction for the inclusive radiative decay rate. An independent measurement of the photon helicity is therefore of interest.
Several strategies have been proposed to look for signals of physics beyond the SM through helicity effects in B → X s γ. In one method the photon helicity is probed through mixing-induced CP asymmetries [4] . In two other schemes one studies angular distributions in radiative decays of Λ b baryons [5, 6] and in B → γ(→ e + e − )K * (→ Kπ) [7, 8] . Whereas in the method using Λ b decays one measures directly the photon polarization, the other measurements are sensitive to interference between amplitudes involving photons with left and right-handed polarization. All methods can probe deviations from pure left-handedness.
In the present Letter we propose to measure the photon polarization in exclusive radiative B decays to excited kaons. We will study in particular decays into a tensor meson, B → K * 2 (1430)γ, and into a axial-vector meson, B → K 1 (1400)γ. An earlier suggestion to measure the photon helicity in decays to K 1 states was made in [9] . Radiative decays into K * 2 (1430) were observed both by the CLEO [10] and Belle [11] collaborations with branching ratios In these experiments K * 2 states were identified through the Kπ decay mode, for which the decay branching ratio is (49.9 ± 1.2)% [12] . As we will argue below, in order to probe the K * 2 (or the photon) helicity, one must study its decays into final states involving at least three particles, for instance decays to Kππ. Corresponding K * 2 decay branching ratios into K * (892)π and ρK are (24.7 ± 1.5)% and (8.7 ± 0.8)%, respectively [12] .
Before discussing in detail our proposed method for measuring the photon helicity in radiative B decays, let us explain briefly the necessary conditions for a theoretically clean measurement. Since the photon helicity is odd under parity, and since one only measures the momenta of final decay products, spin information cannot be obtained from two body decays of the excited kaon. It requires at least a three body decay in which one can form a parity-odd triple product p γ · ( p 1 × p 2 ). Here p γ is the photon momentum, while p 1 and p 2 are two of the final hadron momenta, all measured in the K-resonance rest frame. The average value of the triple product has one sign for a left-handed photon and an opposite sign for a right-handed photon.
The above correlation is, however, also T-odd. In order not to violate time-reversal in the excited kaon decay, the decay amplitude must involve nontrivial final state interactions. Usually this poses the difficulty of introducing an unknown final state phase difference in K-resonance decays. In order to have a measurement which can be cleanly interpreted in terms of the photon helicity, this phase difference must be calculable. This is the case in excited K decays to Kππ, where two K * π Breit-Wigner amplitudes interfere. Parametrizing resonance amplitudes in terms of Breit-Wigner forms, known to be a rather good approximation, yields a calculable strong phase. In this respect, this method is similar to measuring the τ neutrino helicity in τ → a 1 ν τ , where the corresponding phase-difference is calculable in terms of the two interfering a 1 → ρπ amplitudes [13, 14] .
We now describe details of the method based on the decays B +,0 → K * 2 γ, beginning with formalism and ending with an estimate of the achievable precision in measuring the photon helicity. We then discuss an alternative scheme, based on Kππ decays of K 1 states likely to be observed in future measurements of radiative B decays. We point out the high sensitivity of this measurement relative to the one using K * 2 .
Consider the decays B +,0 → K * 2 (1430)γ, where K * 2 → Kππ. Denoting B → K * 2 γ amplitudes, involving left and right-handed photons, by c L and c R , and denoting the corresponding K * 2 → Kππ strong decay amplitudes by M L and M R , respectively, one has
The two terms do not interfere in the partial decay rate since in principle the photon polarization is measurable. In the SM the photon is dominantly left-handed,
is a hadronic form factor at q 2 = 0, which has already been computed using several models [15] . (We will not rely on these calculations). C 7R,L are Wilson coefficients appearing in the effective weak radiative Hamiltonian
Since the form factor g
is common to c L and c R , a measurement of the ratio c R /c L can be translated into information about the underlying new physics entering the Wilson coefficients.
The published K * 2 decay modes include in addition to the above-mentioned modes, Kπ, K * π and Kρ, also K * ππ, Kω and Kγ. This saturates (99.8 ± 3.1)% of the total K * 2 decay rate [12] . We will therefore assume that the decay processes K * 2 → Kππ are dominated by K * (892) and ρ channels, and will study the modes
A small nonresonant Kππ amplitude has a tiny effect on our arguments and estimates. The amplitudes of the processes (4) for a K * 2 of momentum p and polarization ǫ µν , decaying into two pions π ± , π 0 of momenta p 1 , p 2 , and a final K meson of momentum p 3 , are given by
B K * (s) and B ρ (s) are Breit-Wigner functions
with arguments s ij = (p i + p j ) 2 . Isospin symmetry implies that the two K * contributions are antisymmetric under the exchange of the two pion momenta. This is also true for the ρ contribution where the two pions are in a P-wave.
The constant C describes the strong couplings of K * and K * 2 resonances. The complex parameter κ ρ , parametrizing the relative strength and final state phase difference of the K * and ρ contributions, is given by
The two ratios of couplings are obtained from the corresponding measured partial widths [12] 
where central values are used, while p 5 and p 3 are phase space factors occurring in D and P-waves, respectively. This gives |κ ρ | = 2.38.
In order to estimate the phase α, we note that the measured ratio of couplings in Eq. (9) is predicted to be 8/3 in the flavor SU(3) limit. This small SU(3) breaking (about 8%) suggests that the phase of this ratio of couplings (α 1 ) is probably small. On the other hand, SU(3) symmetry does not constrain the ratio in Eq. (8) . Its strong phase (α 2 ) can be determined assuming SU(3) flavor symmetry by noting that in this limit, the amplitudes for the decays K * 2 → K * π, K * 2 → ρK and a 2 (1320) → ρπ satisfy a triangle relation
α 2 is given by the relative phase of the amplitudes on the left-hand side. Using the measured widths for these modes one finds that the triangle does not close at the central values of the measured amplitudes. The right-hand side of Eq. (10) is slightly larger than the algebraic sum of the amplitudes on the left hand-side. When errors are included the triangle closes with a very small angle α 2 . Namely, α 2 is close to zero in the SU(3) limit. Allowing for some SU(3) breaking effects, we will use in our estimates below values for α = α 1 + α 2 between −30
• and +30
• . A small phase in this range was measured in a K * 2 resonance production experiment [16] .
Let us express the amplitudes M L,R in the rest frame of the K * 2 . The polarization tensors corresponding to right and left-handed K * 2 of helicity ±1 are given in this frame by
Here ε 0 m = 0, and the vectors ε m are defined in terms of a unit vectorê z pointing along a direction opposite to the photon (or B) momentum,ê z = −p γ , and two unit vectorsê x andê y perpendicular to it
Thus
where
Denoting by θ the angle between the normal to the decay plane,n ≡ ( p 1 × p 2 )/|( p 1 × p 2 )|, and the direction opposite to the photon, cos θ =n ·ê z , one finds
where x, y ′ andn form a set of orthogonal axes. (We choose these axes such that the plane perpendicular to the photon direction and the decay plane intersect on the x axis.) Squaring the amplitudes and integrating over a common rotation angle φ of p 1 and p 2 in the decay plane, one obtains
Denoting the photon helicity parameter
such that λ γ ≈ −1 in the SM, and using Eq. (2), one obtains the B decay distribution dΓ ds 13 
The asymmetry between decay distributions corresponding to right and left-handed photons, from which the photon helicity can be determined, is contained in the second term in Eq. (18) . It describes an up-down asymmetry of the photon momentum with respect to the K * 2 decay plane. In order to measure λ γ one would fit the B decay distribution to (18) , which has a well-defined dependence on θ and on the energy variables s 13 , s 23 occurring in the Breit-Wigner forms (Eqs. (6) and (14)).
While the highest sensitivity to the photon helicity will eventually be achieved by fitting data to the above energy and angular dependence, it is also useful to consider integrated observables. When averaging over some variables care must be taken in order not to wash out the dependence on the photon helicity. Note that the angular variable cos θ changes sign under the exchange of s 13 and s 23 , corresponding to interchanging the two pion momenta. We thus define a new angleθ which is independent of s 13 and s 23 , cos θ ≡ sgn(s 13 − s 23 ) cosθ. An equivalent definition ofθ is the angle between − p γ and the normal to the decay plane defined by p slow × p fast , where p slow and p fast are the momenta of the slower and faster pions in the K * 2 rest frame.
In order to obtain a rather conservative estimate for the sensitivity of the method, let us examine a specific observable which is proportional to the helicity parameter λ γ , namely the expectation value cosθ . Using the distribution (18) , one finds in general cosθ = Rλ γ ,
where the proportionality constant R depends on the region of the Dalitz plot over which one integrates. To be specific, let us consider a square region (A), 0.71GeV 2 ≤ s 13 , s 23 ≤ 0.89 GeV 2 , centered at s 13 = s 23 = m 2 K * , of sides equal to twice the K * width, and compare it with the entire Dalitz plot. The value of R in region (A) is dominated by the K * contributions and, when neglecting the ρ contribution in (18) , is given by
While the variable in the denominator is positive, the one in the numerator, containing a factor (s 23 − s 13 )sgn(s 13 − s 23 ) is negative. One of the multiplicative factors determining the value of R is the relatively narrow K * width, Γ K * = 51 MeV. (One may imagine decays of higher excited kaons via wider K-resonance states, such as K * 0 (1430) or K * 2 (1430) which decay to Kπ, where a larger value of R can be obtained.) Including the ρ contribution modifies the above value mildly to become R A = 0.071 ± 0.002, where we use |κ ρ | = 2.38 and we let the strong phase of κ ρ vary in the range (0 • ± 30 • ) as explained above. The values of R obtained when integrating over the entire Dalitz plot are considerably smaller. For the above value of κ ρ , we find a variation between a very low value R = 0.01 and a somewhat larger value R = 0.05. The uncertainty is due to the strong phase of κ ρ . Furthermore, the increase in statistics relative to region (A) is not sufficient to clearly overcome the loss of sensitivity.
At this point, let us estimate the number of B mesons required for a feasible measurement of the photon helicity in B → K * 2 γ. We make the following two observations: (a) Using isospin, one finds that 4/9 of all K * π and 2/3 of all ρK events in K * + 2 and K * 0 2 decays occur in the two channels specified in Eq. (4). Observing a K S from K 0 through its π + π − decay introduces a factor 1/3. Thus, the observable branching ratio into K + π − π 0 is (4/9)0.247 + (2/3)0.087 = 0.17, while that of K S π 0 π + is estimated to be 0.06. (b) We calculate that 9% of all K 0 π 0 π + or K + π − π 0 events are contained in region (A). Using (1) one then computes for this region a radiative branching ratio B = 1.
One would need about two thousand events for a three standard deviation measurement of an up-down asymmetry, cosθ ≃ −0.07, as expected in the SM, namely about 6 × 10 9 BB pairs, including both charged and neutral B's. Such a measurement, based only on K * 2 events, requires very high luminosity e + e − colliders. In the future one should be able to measure other excited-K states contributing to radiative decays via Kππ final states. These include K * J states with parity P = (−1) (18) depend, of course, on the spin of the resonance. For a 1 − , one finds instead of (18)
which is insensitive to the photon polarization. This can be simply understood by noting that the only parity invariant decay amplitude, which can be constructed from the K * 1 polarization vector ε and the final mesons momenta, is proportional to ε · ( p 1 × p 2 ). Its square is invariant under ε +1 ↔ ε −1 and therefore cannot be used to measure the photon polarization.
A study of K J states, which decay to K * π and ρK in two partial waves, may involve some uncertainties due to errors in the complex ratio of two partial wave amplitudes. In principle, if this ratio were known, the photon helicity could be extracted even without studying the Dalitz plot. This is, however, impractical. First, the helicity effect is proportional to the ratio of two amplitudes which is expected to be small. Second, the relative strong phase is unknown and incalculable, and finally, a Dalitz plot analysis is required anyway, in order to distinguish between different resonances.
Consider the 1 + resonances at 1270 MeV and 1400 MeV, which decay to a vector and a pseudoscalar meson both in S and D-waves. One expects the S-wave amplitude to be larger than the D-wave amplitude. Indeed, for the resonance at 1400 MeV, the measured D/S ratio of rates is 0.04 ± 0.01 [12, 16] . Neglecting the D-wave amplitude, one has a situation similar to that in K * 2 decays. Furthermore, neglecting the ρ contribution in K 1 (1400), for which the measured branching ratio is only 0.03 ± 0.03, compared to a branching ratio of 0.94 ± 0.06 into K * π decays [12] , one finds instead of (18) dΓ ds 13 
Defining R as in (19) , one finds
Integrating the numerator and denominator in (24) over the entire Dalitz plot one obtains R = 0.166 (0.174) for m(K 1 ) = 1400 (1270) MeV. The value of R is much larger than the corresponding value calculated for K * 2 (1430), and about twice larger than the value obtained in the latter case for the narrow region A. This can be understood qualitatively by noting that for a particle with spin one the spin vector describing helicity +1 points more sharply in the direction of the particle momentum than it does for a spin two particle. We therefore conclude that, once K 1 (1270) and in particular K 1 (1400) are observed in radiative B decays, their decays into Kππ can provide very useful probes for the photon helicity as already suggested in [9] .
We will assume that the radiative decay branching ratio into K 1 (1400) is 0.7×10 −5 [15] . Using B(K 1 (1400) → K * π) = 0.94 [12] , and including a factor 1/3 for observing a K S (from K 0 ) through its π + π − decay, we estimate a branching ratio of B = 0.7 × 10 into (K S π + π 0 ) K 1 (1400) . In order to measure an up-down asymmetry at the K 1 (1400), cosθ ≃ −0.17, as calculated in the SM, one needs to observe about 300 reconstructed events of this kind. Ignoring efficiencies and background, this number can be obtained from a total of 8 × 10
7 BB pairs, including charged and neutrals. This number of B mesons has already been produced at e + e − colliders [17, 18, 19] . This analysis involves a small uncertainty due to an additional D-wave amplitude in K 1 (1400) → K * π which we neglected. Performing an analysis over a mass range including the two overlapping resonances would involve an additional uncertainty, since the two resonances decay with different branching ratios and corresponding different unknown strong phases into K * π and Kρ. In order to minimize this uncertainty, one can carry out this measurement in the high invariant mass range, m(Kππ) = 1400 − 1500 MeV, thereby suppressing the K 1 (1270) contribution. Fitting data by the sum of distributions given in Eqs. (18), (21) and (22), normalized by the corresponding branching ratios, will determine the photon helicity λ γ . As we estimated using the integrated up-down asymmetry at K 1 (1400), this study requires about 8 × 10 7 BB pairs. Our estimate did not include experimental efficiency and background factors. On the other hand, a complete fit to decay distributions is more sensitive to the photon helicity than the integrated asymmetry. We therefore conclude that this study can and should be performed at currently operating B-factories.
